Introduction {#S0001}
============

Despite significant improvements to large-scale production of insulin (INS), the universal drug clinically used to treat diabetes, development of effective oral INS delivery systems remains a major challenge.[@CIT0001],[@CIT0002] Daily subcutaneous (s.c.) injections are the standard of treatment for insulin-dependent patients with diabetes. Oral INS delivery would be convenient and improve patient compliance. Furthermore, oral administration could result in reduced risk of hyperinsulinemia, weight gain, and hypoglycemia.[@CIT0003] However, oral absorption of INS is inefficient, resulting in low bioavailability (BA), primarily due to degradation by proteolytic enzymes in the gastrointestinal (GI) tract and poor permeability across the intestinal mucosal membrane.[@CIT0004] To exert therapeutic effects, oral INS must be efficiently absorbed from the lumen of the intestine into the general circulation.[@CIT0005] Therefore, development of strategies to enhance absorption of INS through the intestinal epithelial membrane is essential for production of suitable oral dosage forms of INS.

Cell-penetrating peptides (CPPs) have been shown to be potential carriers for systemic delivery of INS across the intestinal mucosal membrane, resulting in dramatically enhanced oral BA of INS.[@CIT0006],[@CIT0007] A previous study showed that penetratin, a CPP derived from *Drosophila* Antennapedia homeoprotein, is the most effective CPP for delivery of oral INS.[@CIT0008] The hypoglycemic response demonstrated in this study occurred due to intermolecular interactions between INS and L- and/or D-penetratin. Further characterization of these interactions is required for this solid dosage form to progress to preclinical and clinical studies.

Nanoparticles (NPs) have been shown to increase the stability and oral BA of peptides and proteins.[@CIT0009] The physicochemical properties of NPs (e.g., size, surface charge, chemical composition) dictate whether NPs cross the intestinal barrier.[@CIT0010],[@CIT0011] Dual delivery technologies that combine the beneficial properties of CPPs and NPs may improve oral INS delivery.[@CIT0012],[@CIT0013] Recently, several approaches to oral delivery of INS using CPPs/NPs have been developed, and a number of recent studies have demonstrated significant improvements in pharmacological availability (PA) following oral administration of INS using delivery systems such as nanoparticles,[@CIT0014]--[@CIT0018] nanocapsules,[@CIT0019] nanoemulsions,[@CIT0020] and liposomes,[@CIT0021] with PA values ranging from 11% to 17%. However, the hypoglycemic impacts observed in these studies were achieved using a relatively complicated chemical conjugation-based formulation with enteric-coated capsules.[@CIT0022] We developed a simple, solution-based formulation based on spontaneous intermolecular interactions between INS and CPPs. This formulation resulted in improved oral delivery of INS, as evidenced by improved BA and PA. The simplicity of preparation and administration of this formulation has significant potential for use in preclinical and clinical studies.

Solid lipid nanoparticles (SLNs) are a proposed alternative to other drug delivery technologies such as microemulsions, microspheres, liposomes, and polymeric nanoparticles. SLNs can incorporate lipophilic and hydrophilic drugs, exhibit improved physical stability, and are simple to manufacturing on a large scale.[@CIT0023]--[@CIT0025] Furthermore, SLNs are a versatile system for oral delivery of peptides and proteins.[@CIT0026]--[@CIT0029] Several studies of INS-loaded SLNs (INS-SLNs) formulated with CPPs have been published, but none of these studies reported the BA of orally administered INS.[@CIT0030],[@CIT0031]

We hypothesized that modified SLNs loaded with INS/L- or D-penetratin complexes would result in better oral delivery of INS. The impacts of the stereoisomeric differences between L-and D-penetratin on BA following oral delivery of INS have not been previously studied. Therefore, we designed INS-SLNs that contained either L- or D-penetratin using a double emulsification technique. The properties of INS-SLNs containing L- or D-penetratin were studied. We also evaluated stability of INS in INS-SLNs that contained L- or D-penetratin against enzymatic degradation in rat intestinal fluid. Finally, the pharmacokinetic parameters of INS-SLNs with or without L- and D-penetratin were evaluated in rats following oral administration.

Materials And Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Recombinant human insulin (INS, 24 IU/mg) was purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, USA). L- and D-penetratin (purity: ≥95% for each peptide) were purchased from Bachem AG (Bubendorf, Switzerland). Glyceryl trimyristate (Dynasan™ 114) was purchased from Sasol Germany GmbH (Witten, Germany). Soya lecithin was purchased from AppliChem (Darmstadt, Germany). Polyvinyl alcohol (PVA, M.W. 22000) was obtained from BDH Laboratories (Poole, England). All chemicals and reagents were of analytical grade.

Animals {#S0002-S2002}
-------

Male Wistar rats weighing 180--220 g were used in this study. The animals were housed in rooms with controlled temperature (23±1°C) and relative humidity (55±5%) and were allowed free access to water and food during acclimatization. Animals were fasted for 24 hrs before the experiments but could drink water ad libitum. The animal study protocol was approved by the Ethical Committee, Pharmacy College, Prince Sattam Bin Abdulaziz University, Al-Kharj, KSA (approval number: PHARM-21-11-2017).

Preparation Of Insulin (INS)-Loaded SLNs {#S0002-S2003}
----------------------------------------

Insulin was incorporated into SLNs with L-penetratin (LP-INS-SLNs) or D-penetratin (DP-INS-SLNs) by double emulsification ([Table 1](#T0001){ref-type="table"}).[@CIT0032],[@CIT0033] Briefly, 1 mM INS (5.8 mg) and 2.5 mM L-penetratin or D-penetratin (5.6 mg) were dissolved in 200 µL of 0.1 N HCl, then 600 µL of pH 7.4 phosphate-buffered saline (PBS) containing 0.001% methylcellulose, which prevents adsorption of CPP to the tube surface, was added. The solution was neutralized with 200 µL of 0.1 N NaOH. The prepared INS solution was emulsified in an organic phase containing glyceryl trimyristate and soya lecithin in dichloromethane using a probe sonicator (Ultrasonic processor, gx-130, Bandelin, Germany) for 180 s at 40% voltage efficiency with pulse on/off for 10 s in an ice bath. The formed emulsion (w/o) was then emulsified in 20 mL of aqueous PVA solution (0.5%, w/v) added dropwise. The mixture was stirred at 3420 rcf for 45 mins to evaporate the organic solvent. SLNs were removed from the bulk media by centrifugation at 22,800 rcf for 15 mins at 4°C (2015 Centurion scientific, Chichester, UK). The SLNs were then washed three times with cold distilled water and freeze-dried using a lyophilizer (Martin Christ Alpha-1-4LD freeze-drier, Osterode, Germany).Table 1Compositions Of Insulin (INS)-Loaded Solid Lipid Nanoparticles (SLNs)FormulationsGlyceryl Trimyristate (mg)Soya Lecithin (mg)L-Penetratin (mg)D-Penetratin (mg)INS-SLNs6040\--LP-INS-NPs60405.6-DP-INS-NPs6040-5.6[^1]

Measurement Of Particle Size, Zeta Potential (ZP), And Polydispersity Index (PDI) {#S0002-S2004}
---------------------------------------------------------------------------------

The mean particle size, ZP, and PDI of the INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs were measured using a Malvern particle size analyzer (Zetasizer Nano ZS; Holtsville, NY, USA) maintained at 25±1°C. The light scattering angle was set at 90ºC. The SLNs were dispersed in distilled at a 1:200, which resulted in an aqueous dispersion. The SLN dispersions were sonicated for 5 mins, then transferred to a disposable transparent plastic cuvette for particle size and PDI measurements. The same procedure was followed for measurement of ZP, except the SLN dispersions were transferred to a glass electrode sample holder.

Measurement Of Drug Encapsulation {#S0002-S2005}
---------------------------------

Encapsulation efficiency (EE) and drug loading (DL) were measured by centrifuging a freshly prepared SLN suspension at 21,380 rcf for 5 mins at 4°C. The unencapsulated INS in the supernatant was measured using HPLC (Waters 600 System, Waters Corporation, Milford, MA, USA). The mobile phase was 55:45 (v/v) pH 3.2 water with phosphoric acid:acetonitrile. The injection volume was 10 μL, the flow rate was 1.0 mL/min, the detector was set to 214 nm, and the column was a 4.6 × 150 mm, 5 μm Symmetry^®^ RP-C18 (Waters Corporation, Milford, MA, USA). The column was maintained at room temperature.[@CIT0033]

Encapsulation efficiency was calculated using the following [Eq. (1](#M0001)): $$\documentclass[12pt]{minimal}
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Drug loading was calculated using the following [Eq. (2](#M0002)): $$\documentclass[12pt]{minimal}
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Differential Scanning Calorimetry (DSC) {#S0002-S2006}
---------------------------------------

DSC was performed using a thermal analyzer (Shimadzu DSC-60, Kyoto, Japan). Samples sealed in an aluminum pan (test) and an empty pan (reference) were heated at a rate of 10°C min^−1^ from 25°C to 250°C in an inert nitrogen gas atmosphere.

Fourier-Transform Infrared (FTIR) Spectroscopy {#S0002-S2007}
----------------------------------------------

FTIR spectra of INS, glyceryl trimyristate, soya lecithin, and INS-loaded SLNs (INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs) were recorded from 400 to 4000 cm^−1^ using the KBr pellet technique (4100 Jasco FTIR spectrophotometer, Tokyo, Japan). The spectra were interpreted by evaluating the different vibrational and functional peaks.

In Vitro Release Studies {#S0002-S2008}
------------------------

The release profiles of INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs were studied in simulated gastric fluid (pH 1.2) and in phosphate buffer (pH 7.4). In vitro release studies were performed using a biological shaker (LBS-030S-Lab Tech, Korea). SLN samples equivalent to 5 mg of INS were dispersed in 5 mL of each medium separately and incubated at 37±0.5°C while shaking at 150 rcf. Aliquots (0.5 mL) were withdrawn at 0.5, 1, 2, 4, and 6 hrs. The samples were centrifuged for 10 mins at 4320 rcf, and supernatants were diluted and analyzed by HPLC.[@CIT0032],[@CIT0033]

Stability Of SLNs In Intestinal Fluid {#S0002-S2009}
-------------------------------------

Intestinal fluid was obtained from male Wistar rats by implanting a sonde needle into the upper part of the small intestine. The intestine was then cannulated at the lower portion (\~20 cm) to collect intestinal fluid. The lumen of the small intestine was washed with 20 mL of PBS. The collected solution was treated with two volumes of methylene chloride to eliminate any lipids that might interfere with HPLC analysis of INS.[@CIT0034] The lipid extraction procedure was repeated 5 times. Total peptidase concentration in the intestinal fluid was determined using the BCA protein assay kit (Thermo Fisher Scientific Inc., Waltham, MT, U.S.A.). L- and D-penetratin (0.25 mM final concentration) were mixed with INS (10 IU/mL final concentration) and incubated in intestinal fluid at 37°C. Fifty microliters was collected at 5, 15, 30, and 60 mins, and added to 50 µL of ice-cold mobile phase solution to stop enzymatic reactions. The samples were then analyzed for INS content by HPLC.

### Pharmacokinetics Of Orally Administered SLNs {#S0002-S2009-S3001}

The animals were anesthetized with intraperitoneal (i.p.) sodium pentobarbital injection (50 mg/kg; Nembutal^®^; Abbott Laboratories, IL, USA), then dosed with INS solution, INS-SLNs, LP- INS-SLNs, or DP- INS-SLNs (10 IU/kg) by oral gavage or with INS solution (1 IU/kg) by s.c. injection. All animals were tested for blood-glucose concentration prior to dosing. After oral administration of INS solution or INS-SLNs, approximately 0.3 mL of blood was withdrawn from the jugular vein before and 0.25, 0.5, 1, 2, 3, 4, 6, 8, and 12 hrs after dosing. Fifteen microliters of blood was removed and analyzed for glucose levels using a glucometer (Accu-Check Active; Roche Diagnostics GmbH, Mannheim, Germany). The remainder of the blood was kept at room temperature, then centrifuged (14,250 rcf for 10 mins at 4°C) to isolate serum. One hundred microliters of serum was used to determine INS concentration using a human INS ELISA kit (Sigma-Aldrich Co., St. Louis, MO, USA). Absorbance at 450 nm was measured using a microplate reader (BioTek Instruments Inc., Winooski, VT, USA).

Data Analysis {#S0002-S2010}
-------------

The total area under the concentration curve (AUC) from 0 to 12 hrs was evaluated using the sum of consecutive trapezoids between each data point. The peak serum concentration (C~max~) and the time taken to reach the peak serum concentration (T~max~) were directly determined using the serum concentration--time curve for INS.

The biological activity of INS was represented as the percentage of the glucose concentration before dosing compared to the blood-glucose concentration in the control group (INS solution). The hypoglycemic effect was estimated using the trapezoidal method for the area above the curve (AAC) from 0 to 12 hrs (\[AAC\]~oral~ and \[AAC\]~s.c.~ for oral and s.c. INS, respectively). The pharmacological availability (PA (%)) of INS was calculated using [Eq. (3](#M0003)). $$\documentclass[12pt]{minimal}
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The AUC of the INS concentration--time profile (\[AUC\]~oral~ and \[AUC\]~s.c.~) from 0 to 12 hrs was represented by the sum of successive trapezoids between each data point. The BA (%) of INS was calculated relative to the s.c. injections using [Eq. (4](#M0004)). $$\documentclass[12pt]{minimal}
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Statistical Analysis {#S0002-S2011}
--------------------

All data were normally distributed and were expressed as the mean ± SEM. For group comparisons, one-way ANOVA with duplication was used. Significant differences in mean values were determined using Student's unpaired *t*-test. *P*≤0.05 was considered statistically significant.

Results And Discussion {#S0003}
======================

Preparation And Characterization Of SLNs {#S0003-S2001}
----------------------------------------

SLNs were prepared by W/O/W double emulsion, which is commonly used for loading hydrophobic and hydrophilic macromolecules.[@CIT0035],[@CIT0036] The primary emulsion (W/O) was first prepared, then emulsified in a continuous aqueous phase to form the double emulsion (W/O/W) containing INS and penetratin in the internal aqueous phase, lipid matrix (glyceryl trimyristate) in the oil phase, and PVA as the emulsifier in the external aqueous phase. To prevent loss of INS pharmacological activity, INS--penetratin complexes were formed via noncovalent interactions. This approach relies on electrostatic interactions between penetratin and INS under physiological conditions, and hydrophobic residues can contribute to hydrophobic interaction.[@CIT0037] The quantities of INS and penetratin incorporated into SLNs were determined by absorption in INS in vivo, and the absorption-enhancing efficiency of penetratin. The optimal ratio of INS to penetratin was approximately 1:2.5.[@CIT0037] A previous study showed that the combination of glyceryl trimyristate and soybean lecithin resulted in increased crystallinity, which may prevent premature dissolution of INS.[@CIT0033]

Particle size, PDI, ZP, EE, and DL data for the SLNs are summarized in [Table 2](#T0002){ref-type="table"}. The INS-loaded SLNs (INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs) ranged in size from 618.5±8.4 (INS-SLN) to 973.0±15.3 nm (DP-INS-SLN), which was within the nanoparticulate range of ≤1000 nm. The size of the SLNs increased with addition of L-penetratin and D-penetratin. The PDI values of the SLNs ranged from 0.227 to 0.734. Values less than 1.0 indicated that the particles were suitable for analysis using differential light scanning analysis. Larger PDI values can occur due to aggregation/agglomeration resulting from electrostatic interactions.[@CIT0038]Table 2Particle Characterization Of Insulin (INS)-Loaded Solid Lipid Nanoparticles (SLNs)FormulationsSize (nm)PDIZP (mV)EE (%)DL (%)INS-SLNs618.5±8.40.734−17.0±1.5359.03±4.211.64±0.05LP-INS-SLNs745.3±12.60.227−23.7±2.1367.42±3.121.82±0.12DP-INS-SLNs973.0±15.30.710−20.9±1.6359.97±5.371.62±0.09[^2]

The ZP values were −17.0±1.53, −23.7±2.13, and −20.9±1.63 mV for INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs, respectively ([Table 2](#T0002){ref-type="table"}). These results demonstrated that the SLNs produced in this study were a stable system under dynamic conditions.[@CIT0038] Negative ZP values may have been due to slightly negatively charged lipid matrix and soybean phospholipid on the particle surfaces at neutral pH. Penetratin contributes a positive charge to the SLNs. Negative ZP values of LP-INS-SLNs and DP-INS-SLNs similar to those of INS-SLNs indicated that the positive charge of penetratin was neutralized by interactions with INS within the SLNs.

Measurement Of Drug Encapsulation {#S0003-S2002}
---------------------------------

The results of INS EE and DL are summarized in [Table 2](#T0002){ref-type="table"}. The EE and DL of INS in the SLNs (INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs) ranged from 59.03±4.21 to 67.42±3.12% and 1.62±0.09 to 1.82±0.12%, respectively. Inclusion of L-penetratin resulted in increased entrapment of INS, likely due to electrostatic interactions between densely positively charged penetratin amino acids (arginine and lysine) and negatively charged INS, which resulted in penetration of INS into the lipid matrix. Both LP-INS-SLNs and DP-INS-SLNs exhibited fine particle sizes, absolute value above negative of ZP, and excellent INS EE and DL. These results confirmed that stable and highly dispersible nanoparticulate dispersions were formulated by double emulsion in our study.

DSC Thermal Analysis {#S0003-S2003}
--------------------

[Figure 1](#F0001){ref-type="fig"} shows the DSC spectra of pure INS and lipids (glyceryl trimyristate, soya lecithin), freeze-dried INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs across the range of 25--250°C. The thermogram of pure INS showed a broad endothermic peak at 95.39°C that represented denaturation of the drug, and an exothermic peak at 212.46°C that corresponded to decomposition.[@CIT0039],[@CIT0040] The DSC spectrum of glyceryl trimyristate had a distinct peak at 78°C, and the DSC spectrum of soya lecithin had a merged peak across the temperature range of 190-210°C.[@CIT0032] The endothermic peaks of pure INS were absent in the freeze-dried INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs, which confirmed that INS was completely encapsulated. However, the peak associated with glyceryl trimyristate was observed in all SLNs due to its solid crystalline state.Figure 1Comparative DSC spectra of insulin (INS)-loaded solid lipid nanoparticles (SLNs).

FTIR Spectral Analysis {#S0003-S2004}
----------------------

FTIR spectra were collected for pure INS, glyceryl trimyristate, soya lecithin, and SLNs that contained L-penetratin and D-penetratin to evaluate drug--lipid interactions ([Figure 2](#F0002){ref-type="fig"}). The main peaks assigned to pure INS were associated with symmetrical and asymmetrical N-H bending of amino acids at 1533 cm^−1^ and 1661 cm^−1^, respectively.[@CIT0039] A slight shift, and decreased intensity, of these peaks was observed in the spectra of INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs ([Figure 2](#F0002){ref-type="fig"}). These results indicated that INS was successfully encapsulated inside the lipid matrix. Peaks near 2910, 2806, and 1763 cm^−1^ were observed in all the SLNs due to presence of glyceryl trimyristate.[@CIT0032]Figure 2Comparative FTIR spectra of insulin (INS)-loaded solid lipid nanoparticles (SLNs).

In Vitro Release Studies {#S0003-S2005}
------------------------

The in vitro release profiles of INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs in simulated gastric fluid (pH 1.2) and simulated intestinal fluid (pH 7.4) are presented in [Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}. Insulin release from INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs at pH 1.2 was 77%, 91%, and 82%, respectively. Insulin release from INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs at pH 7.4 was 62%, 76%, and 69%, respectively.[@CIT0033] Dissolution of INS occurred more readily from LP-INS-SLNs and DP-INS-SLN than from INS-SLNs, which may have been due to the presence of penetratin.Figure 3Release profile of INS from different SLNs in simulated gastric fluid (pH 1.2). Each data point represents the mean±SEM (n=3).Figure 4Release profile of INS from different SLNs in simulated intestinal fluid (pH 7.4). Each data point represents the mean±SEM (n=3).

The performance of our formulation leveraged electrostatic and/or hydrophobic interactions between penetratin and INS under physiologic conditions.[@CIT0037] Release of penetratin from the INS/penetratin complex occurred in intestinal fluid due to proteolytic enzymes. As such, penetratin release is difficult to measure in vitro due to the lack of proteolytic enzymes.

SLN Stability In Intestinal Fluid {#S0003-S2006}
---------------------------------

[Figure 5](#F0005){ref-type="fig"} shows the effects of penetratin (0.25 mM) on stability of INS-SLNs (10 IU/mL) in rat intestinal fluid. After 1 hr of incubation in intestinal fluid, the percentages of remaining INS, INS-SLNs, LP-INS-SLNs, and DP-INS SLNs were 41.9%, 51.6%, 51.8%, and 94.9%, respectively. Elimination of INS followed apparent first-order kinetics. Insulin in solution was rapidly degraded in intestinal fluid. Incorporation of INS into SLNs, particularly DP-INS-SLN, considerably reduced INS degradation. [Table 3](#T0003){ref-type="table"} summarizes the elimination rate constant (k~el~) and half-life (t~1/2~) of INS solution and INS-SLNs with or without penetratin in intestinal fluid. The k~el~ was calculated using the slope of the curve for each SLN formulation ([Figure 3](#F0003){ref-type="fig"}). The formula for half-life was t~1/2~= 0.693/k~el~. The k~el~ (2.7×10^−2^ min^−1^) and t~1/2~ (25.2 min) for INS-SLNs were not significantly different from those of INS in solution (k~el~ = 3.4×10^−2^ min^−1^, t~1/2~=20.1 min). In contrast, the k~el~ of DP-INS-SLNs was significantly lower (0.5×10^−2^ min^−1^) and the t~1/2~ (136.7 min) was significantly longer than that of INS in solution and INS-SLNs. Furthermore, the t~1/2~ of DP-INS-SLNs was significantly longer than that of LP-INS-SLNs (28.1 min).Table 3Elimination Constant And Half-Life Of Insulin (INS) Solution And INS-Loaded Solid Lipid Nanoparticles (INS-SLNs) In Rat Intestinal FluidFormulationsk~el~ (×10^−2^ min^−1^)t~1/2~ (min)INS solution3.4±0.3520.1±1.5INS-SLNs2.7±0.2525.2±2.3LP-INS-SLNs2.4±0.9928.1±3.6DP-INS-SLNs0.5±0.02^\*,\#,†^136.7±15.3^\*,\#,†^[^3] Figure 5Degradation profile of INS solution (10 IU/mL) and INS-SLNs over time in rat intestinal fluid. Each data point represents the mean±SEM (n=3).

These results suggested that the SLNs formulated in our study improved the stability of encapsulated INS. Rapid degradation of INS in intestinal fluid in our study was consistent with other reports.[@CIT0007],[@CIT0008] In contrast, INS in SLNs was protected from enzymatic degradation. Moreover, inclusion of penetratin significantly protected the SLNs in intestinal fluid.[@CIT0017] D-penetratin may protect INS from degradation by forming a stable physical complex with INS, resulting in increased resistance to proteolytic enzymes.[@CIT0007] In a previous study, an INS--CPP complex may have maintained intermolecular interactions in the small intestine. In contrast to D-penetratin, the INS--L-penetratin complex underwent degradation by intestinal enzymes due to low resistance of L-penetratin to enzymatic degradation.[@CIT0007] In this study, DP-INS-SLNs showed the greatest resistance to enzymatic degradation in rat intestinal fluid among all of the formulations evaluated. These results showed that inclusion of a CPP, particularly D-penetratin, in INS-containing SLNs protected against enzymatic degradation in the GI tract.

Assessment Of The Oral Bioavailability Of INS-Loaded SLNs {#S0003-S2007}
---------------------------------------------------------

The oral pharmacological effects and pharmacokinetic parameters of different SLNs were determined in rats. [Figure 6A](#F0006){ref-type="fig"} shows the blood-glucose level-time profiles following oral administration of different INS (10 IU/kg) formulations. No obvious hypoglycemic response was detected after oral administration of INS in solution, which indicated that no INS was absorbed by the intestinal lumen. Oral administration of INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs resulted in significant hypoglycemic responses, which suggested that INS encapsulated in SLNs was protected against diverse pH conditions and against enzymatic degradation in the GI tract. The hypoglycemic effect peaked at 3 hrs (70.9% of the initial glucose levels) after oral administration of INS-SLNs equivalent to 10 IU/kg of INS. Surprisingly, LP-INS-SLNs induced the greatest hypoglycemic effect among the formulations evaluated. The maximum hypoglycemic effects in response to oral LP-INS-SLNs and DP-INS-SLNs occurred at 3 hrs and 2 hrs (47.2% and 79.9% of the initial level), respectively. [Figure 6B](#F0006){ref-type="fig"} shows the serum profile following oral administration of INS solution, INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs (10 IU/kg). No apparent absorption was observed following oral administration of INS solution. When INS-SLNs were orally administered by gavage, INS absorption was greater than that following oral administration of INS solution. In contrast, DP-INS-SLNs administration resulted in slightly greater INS absorption than INS-SLNs. However, LP-INS-SLNs administration resulted in the greatest absorption of INS.Figure 6Blood glucose (**A**) and serum insulin (**B**) concentration vs time profiles following oral administration of INS solution (10 U/kg) and INS-SLNs. Each data point represents the mean±SEM (*n*=5).

[Table 4](#T0004){ref-type="table"} shows the pharmacodynamic and pharmacokinetic parameters derived from INS concentration--time profiles following oral administration of INS solution and various SLN formulations. Comparison of the area above the hypoglycemic curve versus time profile (AAC) obtained following oral INS formulations with that following s.c. injection of INS solution (1 IU/kg) was used to determine the relative pharmacological availability (PA%) of the oral INS formulations. The PA% obtained following oral administration of INS solution, INS-SLNs, LP-INS-SLNs, and DP-INS-SLNs was 0.3%, 7.5%, 13.1%, and 4.6%, respectively. The PA% following oral administration of LP-INS-SLNs was significantly higher (*p* \< 0.01) than that of all SLNs or INS solution. Therefore, LP-INS-SLNs significantly increased the C~max~, AUC, and BA compared to s.c. injection of INS. The AUC values were increased from 12.4±1.8, 207.6±4.1, 109.6±32.5 μU h/mL for INS solution, INS-SLNs, and DP-INS-SLNs, respectively, to 295.9±31.0 μU h/mL for LP-INS-SLNs. The oral bioavailability of LP-INS-SLNs was 26.1, 1.4, and 2.7 times higher than that of INS solution, INS-SLNs, and DP-INS-SLNs, respectively.Table 4Pharmacokinetic And Pharmacodynamic Parameters In Rats Following Oral Administration Of Insulin (INS) Solution And INS-Loaded Solid Lipid Nanoparticles (SLNs)FormulationsC~max~ (μU/mL)T~max~ (h)AAC (% glu. reduc. h)AUC (μU. h/mL)PA (%)BA (%)INS solution4.0±0.92.6±0.55.9±1.212.4±1.80.3±0.00.6±0.0INS-SLNs188.9±3.4\*\*1.0±0.0\*\*125.3±8.2\*\*207.6±4.1\*\*7.5±0.4\*\*10.9±0.2\*\*LP-INS-SLNs624.7±27.4^\*\*,\#\#,††^0.6±0.1^\*\*,\#\#,††^217.5±6.0^\*\*,\#\#,††^295.9±31.0^\*\*,\#\#,††^13.1±0.3^\*\*,\#\#,††^15.7±1.6^\*\*,\#\#,††^DP-INS-SLNs136.0±35.3\*\*2.0±0.0\*78.9±8.8\*\*109.6±32.5\*\*4.7±0.4\*\*5.7±1.7\*\*[^4][^5]

Many studies have shown that CPPs could cross cell membranes in a receptor-independent manner.[@CIT0041],[@CIT0042] The uptake mechanism of CPPs has not been characterized, but mechanisms such as standard endocytosis, inverted micelles, caveolae, clathrin, macropinocytosis, and interactions with cell surface heparin sulfate proteoglycans have been suggested.[@CIT0043],[@CIT0044] Despite the absence of a clear understanding of the uptake mechanisms, CPPs such as penetratin have been shown to enhance delivery of macromolecular drugs into cells or tissues through covalent linkage with these drugs.[@CIT0045],[@CIT0046] Although these covalent binding approaches enhance delivery, covalent modification often results in alteration in bioactivity of the delivered drug.[@CIT0047] To overcome this obstacle, we developed novel SLNs loaded with the CPPs L- and D-penetratin. We encapsulated INS in these SLNs without covalent linkage and observed enhanced oral INS delivery. This formulation strategy, which resulted in encapsulation of INS and penetratin, protected INS against enzymatic degradation in the GI tract, resulting in absorption of the INS-penetratin complex in the intestine.

L- and D-penetratin enhanced the intestinal absorption of INS to different extents. Proteolytic stability of CPPs is a critical parameter for consideration during formulation development, susceptibility to proteolytic cleavage will reduce delivery of the drug cargo by exposing it to GI luminal fluids.[@CIT0006]--[@CIT0008] The differences in susceptibility to enzymatic degradation between the L- and D-forms influenced the ability of penetratin to improve intestinal INS absorption. In the intestinal lumen, L-penetratin is less metabolically stable than D-penetratin.[@CIT0048],[@CIT0049] It is possible that formation of complexes through electrostatic and/or hydrophobic interactions may have resulted in protection against enzymatic degradation. In addition, INS must be dissociated from complexes in the lumen to permeation through the epithelial basal membrane.[@CIT0050] The dissociation rate of INS from complexes is a critical factor for determining INS absorption. A balance of interactions within the complex, and readiness of dissociation may result in optimal absorption.[@CIT0051]

Our results were consistent with a previous study that showed that INS/L-penetratin resulted in better oral INS absorption than INS/D-penetratin.[@CIT0006] To further evaluate this phenomenon, aggregates of INS/penetratin complexes were evaluated in the presence of intestinal enzyme fluid. In the presence of intestinal fluid, L-penetratin aggregates gradually disappeared and the solution became nearly clear after 60 mins. In comparison, aggregates of the D-penetratin complex remained throughout the study period. Another study showed that oral administration of enveloped nanocomplexes (ENCPs) containing INS and the hydrophobically modified CPP, octaarginine (r8), whereas of ENCPs by a protecting polymer was poly (glutamic acid)-poly (ethylene glycol) (PGA-PEG) showed insignificant hypoglycemic effect compared with the INS.[@CIT0052] In this study, only 2% of the INS was transported across the Caco-2 cell monolayers, which resulted in a moderate response to INS following oral administration to rats. The author assumed that the ENCPs were internalized in the intestinal epithelium where they formed a depot reservoir from which INS might be slowly released. We are currently evaluating this phenomenon in other studies.

A previous study showed that D-penetratin exhibited higher pharmacological availability than L-penetratin in an in vivo study of INS absorption.[@CIT0008] This result was inconsistent with the results of our study. Despite the reduced stability of peptides containing L-amino acids, L-penetratin enhanced absorption of INS to a greater extent than D-penetratin. In previous studies, L-penetratin did not protect INS against degradation.[@CIT0006],[@CIT0007],[@CIT0049] However, INS associated with D-penetratin was comparatively stable, and intestinal fluid may promote dissociation of INS from D-penetratin in the small intestine. In contrast, inclusion of INS and penetratin in a lipid matrix in SLN formulations may have maintained the intermolecular interaction between INS and penetratin in the GI tract in our study. The INS--L-penetratin complex was degraded to a greater extent than the INS--D-penetratin complex by intestinal enzymes due to lower resistance of the L-form of the peptide to enzymatic degradation.

The internalization efficiency of L-penetratin is maintained even when its structure is partly altered, which suggests that partially degraded L-penetratin may maintain the ability to transport drugs across membranes.[@CIT0053] In our study, L-penetratin enhanced intestinal INS absorption to a greater extent than D-penetratin, which was consistent with previous studies that evaluated intestinal INS-CPP absorption.[@CIT0006],[@CIT0049] Differences in the penetratin concentrations used in both studies may have influenced the rate of INS release from the INS--CPP complex in the GI tract. Moreover, the INS-SLNs did not protect against enzymatic degradation as well as LP-INS-SLNs ([Figure 3](#F0003){ref-type="fig"} and [Table 3](#T0003){ref-type="table"}). In addition, enhanced absorption of LP-INS-SLNs may have depended on interactions between L-penetratin and the SLNs, the penetratin content in the SLNs, and penetratin distribution characters within the SLNs. Therefore, further studies to characterize the mechanisms by which penetratin INS-SLNs enhance INS release are needed. The LP-INS-SLNs developed in our study represent a promising drug delivery platform to improve oral BA of INS.

Conclusion {#S0004}
==========

In summary, we developed a novel SLN for efficient oral absorption of INS by incorporating INS with penetratin, a CPP. A double emulsification technique was used to prepare LP-INS-SLNs and DP-INS-SLNs. These nanoparticles were characterized by uniform size, negative ZP values of ZP, and high INS EE. The chirality of penetratin significantly influenced the absorption-enhancing efficacy and stabilization of INS in rat intestinal fluid of rat. Among the INS-SLNs examined in this study, DP-INS-SLNs was the most stable against enzymatic degradation in intestinal fluid. However, LP-INS-SLNs most effectively enhanced INS absorption, resulting in improved hypoglycemic response in rats following oral administration. In conclusion, we found that inclusion of L- and D-penetratin into INS-SLNs may be a promising formulation strategy for oral administration of INS.
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[^1]: **Note:** Each data point represents the mean±SEM (n=3).

[^2]: **Note:** Each data point represents the mean±SEM (n=3).

[^3]: **Notes:** Data: mean±SEM (n=3). \**p*\<0.05: Significantly different than "INS solution" for each measurement, ^\#^*p*\<0.05: Significantly different than "INS-SLNs" for each measurement. ^†^*p*\<0.05: Significantly different than "LP-INS-SLNs" for each measurement.

[^4]: **Notes:** Each value represents the mean±SEM (n=5). *\*p*\<0.05, \*\**p*\<0.01, significantly different than "INS solution." ^\#\#^*p*\<0.01, significantly different than "INS-SLNs." ^††^*p*\<0.01, significantly different than "DP-INS-SLNs."

[^5]: **Abbreviations:** Cmax, maximum concentration; Tmax, time to reach Cmax; AAC, area above the curve; AUC, area under the curve; PA, relative pharmacological availability compared with s.c.; BA, relative bioavailability compared with s.c.
